Abstract The attractiveness of Li 7 La 3 Zr 2 O 12 (LLZO) cubic based garnets lies in their high ionic conductivity and the combination of thermal and electrochemical stability. However, relations between composition and conductivity as well as degradation effects are still not completely understood.
Introduction
Storage and conversion of electrical energy is one of the major topics of current scientific activities and the search for optimized materials is key for technologies such as mobile devices, electric vehicles and load levelling. Li-ion batteries based on organic electrolytes are already widely used but suffer from several issues such as safety and stability problems as well as limitations in energy density. Therefore, solid materials came into the focus of electrolyte research. One promising class of ceramic ion conductors for future Li-ion battery systems is based on cubic Li 7 La 3 Zr 2 O 12 (LLZO) and variants stabilized at room temperature by substitution of aliovalent ions [1] [2] [3] [4] . Numerous doping elements were tested, including Al, Ga, Ta, Nb, Mo, Fe and LLZO garnets, and conductivities in the range of 10 −4 -10 −3 S cm −1 have been achieved [5] .
However, there is still substantial scatter of conductivity data in literature. For example, Al stabilized LLZO with very similar nominal composition of Li 7−3x Al x La 3 Zr 2 O 12 with x = 0.17-0.25, total conductivities in the range of 1.4-5.7 × 10 −4 S cm −1 are reported [6] [7] [8] . This suggests that still unknown parameters, possibly associated with sintering, affect the conductivity. Among others, lithium evaporation may play a role and inhomogeneous samples may thus result. Moreover, degradation of the conductivity was found and may originate in near-surface regions due to interaction with the gas phase containing H 2 O and CO 2 [9] [10] [11] [12] [13] [14] . In principle microelectrodes enable the investigation of local conductivities in solid electrolytes and thus may help clarifying reasons behind the data scattering and the sample degradation [15] [16] [17] [18] . Impedance spectroscopic studies on circular microelectrodes with diameters of a few micrometres (≈ 10 μm) can reveal the bulk conductivity of a similarly sized region beneath and are also very sensitive to any higher or lower conductivity in near-surface zones [15, 19] . However, applicability of microelectrodes to measure local conductivities in LLZO has not been proven yet. In this contribution it is shown that microelectrode impedance spectroscopy can be applied on LLZO. Comparison is made between the overall performance of an Al stabilized sample and local Li-ion conductivities, obtained by ionically blocking microelectrodes (Ø: 20-300 μm) [20] [21] [22] . A scattering of conductivities within one and the same sample was found. In addition, changes of the spectra measured by microelectrodes before and after long-time exposure to ambient air revealed the degradation of near-surface regions in such measurements.
Experimental

Sample preparation
Samples with a nominal composition of Li 6 (Fig. 1) . The density of the sample, measured by a pycnometer (Brand GmbH), is 91%.
Electrical measurement
The ionic conductivity was measured by electrochemical impedance spectroscopy (EIS). For measurements of the effective conductivity of macroscopic samples (macroelectrode measurements), samples were polished by grinding paper (#4000), and thin films of Pt (200 nm) and Ti (10 nm) were deposited on top and bottom as ionically blocking electrodes.
A thin film of titanium is required in order to improve the adhesion of platinum. For the EIS measurements, a Novocontrol Alpha Analyzer was used in the frequency range of 3 × 10 6 -10 Hz. For such macroelectrode measurements the temperature was controlled by a Julabo F-25 HE thermostat, the exact temperature was 25.3°C, determined by a thermocouple at the sample.
Local conductivities were measured by means of microelectrodes. Using photolithographic techniques in combination with ion beam etching, circular electrodes with diameters of 20-300 μm were prepared from the macroscopic Pt/Ti thin films on top of the samples. Microelectrode measurements were performed at ambient temperature (T = 23.5°C). Tungsten needles were used to contact the microelectrodes under an optical microscope. The position of the needles was adjusted by mechanically controlled micromanipulators. Figure 2 (a) illustrates the measurement setup and (b) shows a part of the microelectrode array on top of the sample. Impedance measurements (Novocontrol Alpha Analyzer) were performed between a microelectrode and the counter electrode on the bottom side (Pt thin film with Pt paste at the sample edges for contact reasons).
Results and discussion
Macroelectrode measurements
Before microelectrodes were prepared from the Pt thin film the sample's overall performance was measured with the two macroscopic electrodes. The impedance spectrum of the Al stabilized LLZO garnet determined at 25.3°C is plotted in Fig. 3 . It shows a part of a Bsemicircle^at high frequencies, followed by a well separated low frequency contribution which represents the impedance of the ionically blocking electrodes (Ti/Pt). In agreement with earlier studies we attribute the resistance of the high frequency feature to ion conduction in the bulk [24, 25] . In order to quantify the impedance spectrum properly, a resistor in parallel to a constant phase element (R 1 ||CPE 1 ) is used for the bulk contribution, in series to a constant phase element CPE 2 describing the blocking electrodes. Additionally, an inductive element (L) is required due to wiring; this is responsible for the strong distortion of the bulk semicircle and the real axis intercept at finite Z Re , rather than at Z Re = 0. Hence, the intercept at 2000 Ω in Fig. 3 is not an ohmic offset but the result of the serial inductance. The equivalent circuit shown in Fig. 3 leads to a reliable fit (dashed line) of the impedance spectrum and relative permittivities (ε r ) calculated from CPE 1 are in the range of 70, which confirms the bulk character of this part of the spectrum. The fit parameters of the spectrum in Fig. 3 are given in Table 1 .
From the resistance R 1 , the effective bulk conductivity σ macro can be calculated by
with h being the sample thickness and A the surface area. In this specific case a bulk conductivity of 3.3 × 10
This is within the range typically found for such LLZO samples stabilized with aluminium [8, 13, [27] [28] [29] [30] [31] . However, literature data reveal a large scattering of bulk or total conductivities, and in a separate paper we will show that a substantial variation also exists between numerous nominally identical samples prepared in our labs. Compared to all data of our extensive study, the sample shown here has a rather good effective ionic bulk conductivity, even though also two times higher values were measured (A. Wachter-Welzl, et al. unpublished data).
Microelectrode measurements
While macroscopic electrodes only yield mean sample conductivities, microelectrodes provide the possibility to measure spatially resolved conductivities. Based on the principle that most of the voltage between a microelectrode and an extended counter electrode drops very close to the microelectrode, the diameter of the electrode (d) determines the investigated volume beneath. The measured resistances are largely determined by the conductivity of a hemisphere with a radius of 2d [16] . An array of microelectrodes with different diameters (20-300 μm) was measured at room temperature. Figure 4 displays typical impedance spectra found in such microelectrodes measurements on the LLZO sample. Fig. 3 The impedance spectra of an aluminium stabilized LLZO sample at 25.3°C with measurement data (diamonds) and the simulation based on the fit to the equivalent circuit shown in the graph 
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The high frequency arc corresponds to charge transport in the probed sample volume and is described by a resistive element (R Spread ) in the equivalent circuit. The low frequency capacitive increase is caused by the ionically blocking microelectrode and can be modelled by a constant phase element (CPE2), in agreement with the macroscopic electrodes. In many cases, the electrode response of microelectrodes was even steeper than for macroelectrodes and thus the exponent of the CPE closer to 1. Since macro-and microelectrodes consist of the same material, this suggests the existence of some regions with very nonideal ion blocking, distributed across the sample. The latter probably cause the less steep electrode response in the macroelectrode measurements. In parallel to R Spread and CPE 2 , a stray capacitance (CPE 1 ) has to be introduced due to the measurement setup with a value in the range of 200 fF. This value is larger than what was expected for the bulk capacitance of most microelectrodes. Only for d ≥ 200 μm a geometrical bulk capacitance (C = 2 ε r ε 0 d, ε 0 = vacuum permittivity) in the 200 pF range results from ε r ≈ 60. However, adding the bulk capacitance to the equivalent circuit leads to an over parameterization and was therefore avoided here.
A fit of the impedance spectra to the equivalent circuit shown in Fig. 4 
(dashed line) reveals R Spread values. If this
Bspreading resistance^R Spread is only due to the charge transport in the bulk, it can be used to calculate the local conductivity, see below. In principle, grain boundary resistances or other interfacial resistances with parallel capacitances being smaller than the stray capacitance cannot be separated from the high frequency arc and may thus also contribute to R Spread
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. Grain boundary related effects could not be observed in macroscopic impedance spectra and we do not expect an effect in the microelectrode measurements either. However, additional interfacial resistances cannot be excluded, cf. Sec. 3.3. Figure 5 shows the resulting Bspreading resistancesR
Spread of microelectrodes with a diameter of 100 μm (blue) and 200 μm (red). Variations are very moderate with standard deviations in the range of 9.5%. From the spreading resistance R Spread and the microelectrode diameter d, a nominal bulk conductivity σ me can be calculated [32] according to
Provided the sample is homogeneous in the region beneath a microelectrode, this value reflects the true local Li-ion conductivity. Figure 6 displays nominal σ me values for microelectrodes with different diameters. The solid line σ macro represents the effective conductivity of the sample, measured with macroelectrodes before microelectrodes were prepared from the macroelectrode on top. Within a factor of about two, macroscopic and microscopic conductivities agree. This indicates that local conductivity measurements using microelectrodes are meaningful and that microelectrode measurements are indeed possible on LLZO. However, the ionic conductivity from microelectrodes seems to depend on their diameter. The averaged local conductivities found for 100 and 300 μm are 4.1 × 10 −4 S cm −1 and 4.9 × 10 −4 S cm −1 (Fig. 7) , respectively and thus somewhat larger than the mean conductivity of the sample (3.3 × 10 −4 S cm
−1
). The highest value found for a ) [7, 8, 31] . Plotting the averaged conductivity for every microelectrode diameter shows a clear trend (Fig. 7) : For the smallest microelectrodes the measured conductivities are smallest and even slightly below σ macro .
As small microelectrodes are most sensitive to near-surface effects, this suggests that near to the surface less conductive regions exist. Possibly, local stoichiometric deviations near to the surface or the formation of impurity phases or secondary phases (e.g. La 2 Zr 2 O 7 , LaAlO 3 , La 2 O 3 , La(OH) 3 , Li 2 CO 3 , LiOH), are responsible for the lower nominal conductivities σ me [14, [33] [34] [35] , since preparation as well as measurements include exposure to air. Hou et al. investigated Al stabilized LLZO, sintered at 1100°C, by means of laser induced breakdown spectroscopy (LIBS) as a surface sensitive measurement method [36] . The maximum depth reached in that contribution was about 35 μm, which is comparable to the range covered by microelectrodes with a diameter of 20 μm. LIBS measurements detected aluminium and lithium rich phases in the first micrometres before the elemental distribution returns to a more or less equilibrated state. In addition, also misorientation angles may affect the ionic conductivity [35] . This could also contribute to the lower local conductivities found here.
The higher conductivity found for larger microelectrodes however, has to have a different reason. Most probably, the samples exhibit spatially inhomogeneous cation compositions and thus the effective conductivities from macroscopic measurements also include sample regions with smaller conductivity while the microelectrodes used in this study seem to be located on regions with higher conductivity. Indeed, in a related study on the scatter of effective sample conductivities of nominally identical samples we could identify significant conductivity variations not only from sample to sample but also within a given sample (A. Wachter-Welzl, et al. unpublished data).
Near-surface degradation
Owing to their near-surface sensitivity, microelectrodes can also be used to investigate degradation phenomena originating close to the surface. Here, the same microelectrodes were measured again after three weeks of storage in ambient air. The impedance spectra in Fig. 8 display three different microelectrodes in their pristine state (cycle 1 -open symbols) and after long-time exposure to air (cycle 2 -filled symbols). Independent of the electrode diameter all impedance spectra indicate an increase in the resistance R Spread compared to the pristine state.
These changes are probably related to near-surface degradation effects such as the formation of LiOH and Li 2 CO 3 caused by a reaction with moisture and CO 2 from ambient air and the exchange of Li + by H + [9] [10] [11] 14] . Figure 9 summarize the measurements and illustrates the resistive changes between the pristine and the degraded state in dependence of the microelectrode diameter. Microelectrodes with a diameter of 20-50 μm show the largest changes with a maximum of 80% resistance increase. With increasing diameter, the variations Fig. 8 Impedance spectra of different microelectrodes measured in the pristine state (cycle 1) and after three weeks exposed to ambient air (cycle 2). A change in the impedance spectra indicates conductivity degradation Fig. 7 The averaged local conductivities of differently sized microelectrodes. The conductivity increases with the diameter of the electrode Fig. 9 The relative change in resistance R Spread for differently sized electrodes measured after 3 weeks exposure to ambient air become smaller. This supports the assumption of near-surface degradation, which becomes less important as the probed volume beneath the electrode increases, i.e. as microelectrode diameters increase. Possibly a similar near-surface degradation already before the very first microelectrode measurements was also responsible for the low conductivities found for 20 μm microelectrodes on pristine samples (see Sec. 3.2).
Conclusion
It was shown that microelectrodes (Ø: 20-300 μm) can be successfully applied to a polycrystalline LLZO garnet sample and allowed microelectrode impedance spectroscopy studies. Those resulted in local information on bulk ionic conductivities. A comparison between the effective conductivity of the overall sample and conductivities of local areas of the sample revealed differences. Locally, conductivities were up to twice the effective bulk conductivity with a maximum local value of 6.3 × 10 −4 S cm −1
. Reasons behind these conductivity differences are most probably compositional variations in the sample. Moreover, smaller microelectrodes lead to smaller nominal conductivities which indicates that near to the surface less conductive regions exist. The sensitivity of microelectrodes towards near-surface resistive changes was also used to investigate how exposure to ambient air affects the properties of LLZO samples. A substantial degradation of the local conductivity was found, particularly for small microelectrodes.
